Numerical simulation of liquid jet breakup using smoothed particle
  hydrodynamics (SPH) by Pourabdian, Majid et al.
  
Ä¸n» |»®Ì¿Z°»Ê|ÀÆ», {Y{y1395ÃÁ{,16ÃZ¼,3, 55 -66
                
  
  ÊÅÁaÊ¼¸Ä»ZÀÅZ»  
Ê|ÀÆ» ®Ì¿Z°»  |»  
mme.modares.ac.ir
  
    
    
    
    
                
 
  
|ÌËZ¼¿Ã{Z¨fY¶Ë}cZ^YÄ·Z¬»¾ËYÄ]ZmYÉY]:  Pleasecitethisarticleusing:M.Pourabdian,P.Omidvar,M.R.Morad,Numericalsimulationofliquidjetbreakupusingsmoothedparticlehydrodynamics(SPH),ModaresMechanicalEngineeringǡVol.16,No.3,pp.55-66,2016(inPersian)
ÄÌ^ ÉZ É{| d° dm ËZ» Z] Ã{Z¨fY Y Á ®Ì»ZÀË{Á|ÌÅ cY} YÂ¼Å 
)SPH( 
½ZË|^Âa|Ìn»1YÁ|Ì»YZËÂa,2*{Y»Z|¼v»,3  
1- ÊZÀZ¯ ,|Y Ê|ÀÆ» ,Z§YÂÅ ÃZ´¿Y{ Êf À ,¦Ë ½YÆe  
2- ,ZË{ZfY Ê|ÀÆ» ,®Ì¿Z°» ÃZ´¿Y{ ,kÂZË kÂZË  
3- ,ZË{ZfY Ê|ÀÆ» ,Z§YÂÅ ÃZ´¿Y{ Êf À ,¦Ë ½YÆe  
 *,kÂZË ©Á|À Êfa 353-75914, omidvar@yu.ac.ir  
Ä·Z¬»cZÔY    Ã|Ì°q  
¶»Z¯ÊÅÁaÄ·Z¬»  
 :d§ZË{12 ½Z]M 1394  
 :Ë~a28 É{ 1394  
 :dËZ{ÄWYY08 |À¨Y1394  
  { ¾ËY Ä·Z¬» d° dm ËZ» Z] Ã{Z¨fY Y Á ®Ì»ZÀË{Á|ÌÅ cY} YÂ¼Å Ä¯ ®Ë Á É{| É¿Y³Ó ½Á|] Ä°^ ,dY ÄÌ^ ÉZ Ã| 
dY .¾Ë|] ,ÂÀ» Y|f]Y cÓ{Z » º Z¯u ] µZÌ ZY] Á ®Ì»ZÀË{Á|ÌÅ cY} YÂ¼Å Äf³ ÉZ | .{ ¾ËY ªÌ¬ve Y |¯ ¾f» Z] 
°ËÌ¨Y ÉY] ¶u É{| Ã{Z¨fY Á ¾ÌÀr¼Å Z] ½{Á§Y cYiY ¯ ,Êv |¯ Â¯~» Ä Âe Ã{Y{ Ã| dY .b Á ÄWYY Ã| Z] 
Ã{Z¨fY Y Ä·Z» Ä¿Â¼¿ d° | Z] ¿Z» ÊnÀZ^fY ÄÌ·ÁY | .{ dËZÆ¿ ÄÌ^ ÉZ ½ZËm dm ËZ» É| ]Á{ Á Ê] Zf§ Äf° ½| ½M 
ÉY] ½ZËm ®e Z§ ¹Zn¿Y Ã| dY .µÂ d° ËZ» { ºË Ê¸Ë ÉY] ËY ¦¸fz» ½ZËm Ì¿ {Y|Y |·ÂÀË Á ]Á ,cÁZ¨f» Ä^Zv» Á Z] 
®Ë Ä]Y Ê]ne ÊnÀZ^fY Ã| dY .Ê»Z¼e ¶u ÉZÅ É{| ÉY] Á{ ]Ze [ZÌ¿ZÌ» |À·|¿Á Á ¾ËÔbY Ê^ °» ¹Zn¿Y d§³ Á { Ê»Z¼e {YÂ» 
]Ze [ZÌ¿ZÌ» |À·|¿Á nÀ» Ä] lËZf¿ Z] d«{ ÉfÆ] | .¾ÌÀr¼Å lËZf¿ Zu Z] Á É{| ¹Y Êa Y ÉY] ËZ» k·Ì£ Ì¿ ÄËZ¬» Ã| dY .
µ|» ÉZ ÉZÅ ¹Zn¿Y Ã| ½Z¿ {Y{ Ä¯ Á ®Ì»ZÀË{Á|ÌÅ cY} YÂ¼Å Ê» |¿YÂe Ä] ½YÂÀ ®Ë Á ÄÀÌÆ] ÉY] µ|» ÉZ Ã|Ë|a d° 
dm ËZ» {Â» Ã{Z¨fY Y« {Ì³.  
½Z³YÁ|Ì¸¯  
d° dm ËZ»  
®Ì»ZÀË{Á|ÌÅ cY} YÂ¼Å  
µÂ d°  
¯ Êv  
  
  
Numerical simulation of liquid jet breakup using smoothed particle 
hydrodynamics (SPH) 
Majid Pourabdian1, Pourya Omidvar2*, Mohammad Reza Morad1 
1- Department of Aerospace Engineering, Sharif University of Technology, Tehran, Iran  
2- Department of Mechanical Engineering, Yasouj University, Yasouj, Iran 
* P.O.B. 75914-353, Yasouj, Iran, omidvar@yu.ac.ir 
ARTICLE INFORMATION  ABSTRACT 
Original Research Paper 
Received 03 November 2015 
Accepted 18 January 2016 AvailableOnline27February2016
 
 In this paper, breakup of liquid jet is simulated using smoothed particle hydrodynamics (SPH) which is a meshless Lagrangian numerical method. For this aim, flow governing equations are discretized based 
on SPH method. In this paper, SPHysics open source code has been utilized for numerical solutions. 
Therefore, the mentioned code has been developed by adding the surface tension effects. The proposed 
method is then validated using dam break with obstacle problem. Finally, simulation of two-
dimensional liquid jet flow is carried out and its breakup behavior considering one-phase flow is 
investigated. Length of liquid breakup in Rayleigh regime is calculated for various flow conditions such 
as different Reynolds and Weber numbers and the results are validated by an experimental correlation. 
The whole numerical solutions are accomplished for both Wendland and cubic spline kernel functions 
and Wendland kernel function gave more accurate results. The results are compared to MPS method for 
inviscid liquid as well. The accomplished modeling showed that smoothed particle hydrodynamics 
(SPH) is an efficient method for simulation of liquid jet breakup phenomena. 
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9- SPHysics 
10- Weakly Compressibility 
11- Projection Method 
12- Arbitrary Lagrange-Euler 
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Á{ .{¯¦ÌÂe®ÌaÂ°Á¯Z»ÉZÅºnuYÉ{Á|v» oYÊaY ®Ë
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1- Diffusion Terms  
2- Integral Representation 
3- Particle Approximation 
4- Kernel Function 
5- Smoothing Length 
  
Fig.  1 Definition of particle a in the neighborhood of particle b in 
distance rab 
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6- Subroutine 
7- Artificial Viscosity 
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] dYÃ|Ã{Z¨fY°ËÌ¨Y23ÀËY¶Ì·{Ä] .[cYiYYZ]¾f»|¯¾ËYÄ°
½{Á§Y Z] |¯¾ËY ªÌ¬ve¾ËY { ÄnÌf¿ { ,Ã{¯ À§Êv¯
¯cYiYÉZµ|»ÉY] .dYÃ|Ã{Y{Ä ÂeÊv¯cYiY
ZÆ¿Mj¯YÄ¯dYÄf§³cÂÊËZÅÔeoYÊaYÁ\·Z«{Êv
ÄfÂÌaÊvÉÁÌ¿ÁY1 ] |¿YÃ{¯Ã{Z¨fY39¯Á¾ËY{ .[
tÊ°Ë{¿ {­Z¿ÄÌuZ¿®Ë{Ê¼nuÉÁÌ¿®Ë½YÂÀ Ä]Êv
Ê»Äf§³¿ {µZÌÁ{Z¼e Ze|Å{Ê» Y½Z°»Y¾ËYÁ¾ËY .{Â
] ËÂ» .|Z^¿½ZËmÄ|ÀÅ{dË{Á|v»µZ¼YÄ]ÉZÌ¿40ZY] [
Z·|»ÉY]YÊÁ,ÄfÂÌaÊvÉÁÌ¿ÉÂXe¾Ì¼ÅÊv¯É
ZÀv¿Y Y Ã{Z¨fY Z]2Êv ÉZf·{ ]Ze Á Z¼e t É3 ¾ËY .{¯ ÄWYY
²¿½Y|Ì»®ËÂeZÅÌ¤f»4 |¿ÂÊ»Ä^Zv»  
µZ¼YµZÌÁ{Z¼et]É{Â¼cÂÄ]Êv¯ÉÁÌ¿
¥YYÊÉÂXeª^] .|Å{Ê»ÅZ¯ YÊvÉ¿Y Á {ÂÊ»
Êv¯ Fs ÁÌ¿®ËÄ]{ÂÊ»¶Ë|^eºnu|uYÁ]  
)11(  ܨ௦ = ௦݂ߜ௦ 
) Ä]Y{11,(į s ÁdY (ÊvÉZf·{]Ze) Ã|ÀÀ¯µZ»¿]Ze®Ëfs 
 .|Z]Ê»ËcÂÄ]t|uYÁ]ÁÌ¿  
)12(  ௦݂ = ߪߢ ො݊ 
ÓZ] Ä]Y { Ä¯ı ,Êv¯\Ëො݊ t ] {Â¼ Ä°Ë Y{]
 ÁZ¼eț Ä¯dY Ã|§Á¾ËY { .|ÀfÅZ¼etÉZÀv¿Y
 .dYÃ|ÊÂaºqt½ZË{Y³YÁd]ZiµZÌ¹Z¼e{Êv¯
)  Ä]Y {Ã|½ZÌ]ÁÌ¿12ÉZÀv¿Y]ÁZ¼et]{Â¼cÂÄ] (
Ê»¶¼Ê¸v» Á|À¯Ê»YÂ¼Å Y{ZËÉZÀv¿YÉYY{ÊuYÂ¿,ÁÌ¿¾ËY .|À¯

1- Continuum Surface Force (CSF) 
2- Curvature 
3- Surface Delta Function 
4- Color Field 
ÉY]Ê¸»Z  .(tÉ¿YZ^«Z f»Á) dY¶¯tduZ»ÅZ¯ÉY]įs  
) Ä]Y {11µZ»¿¾ËYµZuÅ{ Z»Y .{Y{{ÂmÁÊeÁZ¨f»ÉZÅ[Zzf¿Y (
|uYÁZ]]Y]Z¼etÉÁ½MµY´f¿YÄ¯{ÂÃ|Ë³]ÉÂ|ËZ]Ã|ÀÀ¯
t®ËÌ§ ,¶ud«{ËY§Y Z] Ä¯dY ÂÀ»¾Ë|]  ¾ËY .{Â
Z¼eZf·{]Ze Y½YÂeÊ»ÄnÌf¿ { .{ÂÊ]ZËZ]Êf{Ä]Ä]ÊvÉ
{¯Ã{Z¨fYËcÂ  
)13(  ߜ௦ = |݊| 
Ä¯|݊|  .dYZ¼et]{Â¼Y{] ÃY|¿Y[MÁ YÂÅZ¼et
²¿]Ze¹Z¿Ä]]Ze®ËÂe|¿YÂeÊ»5 ÉY]²¿]Ze .{ÂÃ{Y{Ìze
Ê»Äf§³Z°]Z¼etÉZÀv¿YÄ^Zv» Z^«Z f»ÁµZ»¿ Y{]Ä^Zv»
Ã}\Ë¬e½ZÌ]{ .{Â Ê»½ZÌ]ËcÂÄ]²¿]ZeoYÊaYÁÉY
{Â  
)14(  ܥ௔ =෍݉௕ߩ௕ ௔ܹ௕௕  
cY}ÉY]Á®Ë[McY}ÉY]²¿]Ze,É{|¶uÁY¶^«YÂÅ
tYÁ{ÊuYÂ¿{É{|¶uµÂ{ÄnÌf¿{ .{ÂÊ»Á¨»¨
]Y]\ÌeeÄ]Ád]ZiZ^Ë¬eYÂÅÁ[McY}ÉY]²¿]Ze,YÂÅÁ[MZ¼e
tÁ{YMtÉZÅÊ°Ë{¿ {Ä¯Ê·Zu{,|¿Z»Ê»Ê«Z]¨Á®Ë
{Á|uZe²¿]ZeµZÌÁ{Z¼e4.0   ~ 5.0 |À¯Ê»d§Y  Y{]½YÂeÊ»
½ZË{Y³\u]YtµZ»¿ {¾Ì¼zeËcÂÄ]²¿]Ze  
)15(  ݊ = ׏C 
Ä»Y{Y{ºÅµZ»¿Ä°ËY{]¾ÌÀr¼Å {ÂÊ»Ä^Zv»  
)16(  ො݊ = ݊|݊| 
Ë{cÂÄ]Z¼etÉZÀv¿YÊ»¦Ë eµZ»¿Ä°ËY{]¿YÂ {Â  
)17(  ߢ = ׏ ή ො݊ 
) ÉZÅÄ]YZY]¾ËY]ZÀ]15) Á (17Y{]É{|\Ë¬e½YÂeÊ» (
] dÂ¿ËcÂÄ]YZÀv¿YÁµZ»¿40:[  
)18(  ݊௔ =෍݉௕ߩ௕ (ܥ௕ െ ܥ௔)׏௔ ௔ܹ௕௕  
Á  
)19(  ߢ = (׏ ή ො݊)௔ =෍݉௕ߩ௕ ( ො݊௕ െ ො݊௔) ή ׏௔ ௔ܹ௕௕  
Ä¬À»Z¼e t ,É|À] µÂ»§ ¾ËY ª^ ] ÄnÌf¿ { Ä¯dYÉY
É{ZË ÌÌ¤e²¿]Ze Y|¬»Ê»É{Á|v»ÉYY{Z¼et .|À¯
t ,|ÀÀ¯¶Ì»dËZÆ¿Ê]d¼Ä]cY} {Y| e Ä¯Ê»Z´ÀÅ .|Z]
YÁ{ÊuYÂ¿{|ÃZYÄ¯Â¿Z¼Å .|ËY³Ê»¨d¼Ä]Ì¿Z¼e
) Ä]YÄ¯Ê»Z´ÀÅÄnÌf¿{ÁdYd]ZiZ^Ë¬e²¿]Ze,Z¼et16 (
Z¼etYkZyÄÌuZ¿ÉY]ÉZÅY{],{ÂÃ{Z¨fY݊ Ê»®qÂ¯ZÌ]
±] ZÌ]Ë{Z¬»Ä]nÀ»ÂÂ»¾ËY Á|¿Âො݊ ÄnÌf¿{Áț  .{ÂÊ»
dÆmZe{ÂÊ»hZ]©Z¨eY¾ËY Êf{Ä]Êv¯ÉÁÌ¿Ë{Z¬»ÁZÅ
ÃYYÊ°Ë .{Â¿Ä^Zv» ½{¯f¸Ì§,Êf{Z¿¾ËY½Y^mÉY]ZÅො݊ ¶°Ä]
dYË  
)20(  ௔ܰ = ൝1,³Y|݊| > ߝ0,cÂÀËYÌ£{ 
Á  

5- Color Function 
    
ÄÌ^ ÉZ É{| d° dm ËZ» Z] Ã{Z¨fY Y Á ®Ì»ZÀË{Á|ÌÅ cY} YÂ¼Å )SPH(  |Ìn» ½ZË|^Âa Á ½YZ°¼Å  

{Y{y,|»®Ì¿Z°»Ê|ÀÆ»1395ÃÁ{,16ÃZ¼,3  59  

)21(  
ො݊௔ = ቐ ݊௔|݊௔| ,³Y ௔ܰ = 10,cÂÀËYÌ£{  
) Ä]Y{20ÓÂ¼ » (İ ]Y]0.01/h ¾ËY]ZÀ] .{ÂÊ»Äf§³¿{
Ä]Y)19( {ÂÊ»sÔYËcÂÄ]]40[.  
)22(  (׏ ή ො݊)௔כ =෍min( ௔ܰ, ௕ܰ)݉௕ߩ௕ ( ො݊௕ െ ො݊௔) ή ׏௔ ௔ܹ௕௕  
Ì¿ÉeªÌ«{ÉZÅ[YÂmÄ] ,ZÀv¿Y½{¯µZ»¿ Z]½YÂeÊ»¾ÌÀr¼Å
) Ä]Y .|Ì23»ÊÀÌ¼ze (|Å{Ê»Z¼etÉZÀv¿YY¾X¼  
)23(  ߢ = (׏ ή ො݊)௔ = σ min( ௔ܰ, ௕ܰ)௠್ఘ್ ( ො݊௕ െ ො݊௔) ή ׏௔ ௔ܹ௕௕ σ min( ௔ܰ, ௕ܰ)௠್ఘ್ ௔ܹ௕௕  
Êv¯ÉZÅÁÌ¿YÊZ¿[ZfÉY]ÊËZÆ¿Ä]YÄnÌf¿{as Á
|¿ÂÊ»ÄfÂ¿ËcÂÄ]¹ÂfÀ¼»ÊËZÆ¿Ä·{Z »  
)24(  (ܽ௦)௔ = െߪ௕ߩ௔ (׏ ή ො݊)௔݊௔ 
)25(  
݀ݑ௔
݀ݐ
= െ෍݉௕
௕
ቆ ௔ܲ
ߩ௔
ଶ + ௕ܲߩ௕ଶ +ȫ௔௕ቇ ή ׏௔ܹ(ݎ௔௕)+ (ܽ௦)௔ + ݃ 
  
2 -4- d·ZuÄ·{Z » 
·ZqÁhv]{Â»ZÌ]É{|ÉZÅÁ{ÉË~aZ¿º¯YeµZ¼Y ÃÂv¿
µZÌ{Z§ÉY]Ä¿Z³Y|mÄ·{Z »{Â^¿½YÂeÊ»Y»Y¾ËY¶Ì·{ .dYÃ{Â]
 .d¿Y{Ë~aZ¿º¯YeÉZÅº¯YeÉZÅ½ZËmÉZÄÌ^ÉY]ºÌÅYÂz]³Y
 ½ZËm |À¿Z» Ë~aZ¿ÃY|¿Y ,ºÌÀ¯ Ã{Z¨fY d·Zu Ä·{Z » Y ½ZÀr¼Å ,[M
¹|« µY¥YÊZËd¿YÂ¯LZYÉY]Ê¿Z»ÉZÅ1 {ÂÊ»®qÂ¯ZÌ]
Ê» ¾°¼»Ì£ Y ÉZ ÄÌ^ Ô¼ Ä¯ ®Ë Y ¶°» ¾ËY § ÉY] .{Z
Ê»Ã{Z¨fYÊÂÀ»d·ZuÄ·{Z » Ä]|ËZ]cÂdÄ·{Z »¾ËY { .{Â
ZaÊ§Z¯ÃY|¿YÃY|¿YÄ]Á|Z]Ë~a½Z°»Y½MÉZÀ^»]cZ^Zv»Ze|Z]¾ÌË
YÊ·Z´qcYÌÌ¤e -{Â¿ Y{Ä|yÉË~aZ¿º¯Ye Ze|Z]ÓZ]Ê§Z¯
ÉË~a º¯Ye Ê§ » ¥|Å .{Á¿ eY§ (|{ ®Ë)  Êz» Ã{Á|v»
½ÂYÂa Ä·{Z »¶uÉZmÄ] .dY Z§Ê¿Z»ªf»|Ì·ÂeÊÂÀ»2 ÉY]
e ½ZËm]  dÌed·Zu Ä·{Z » Y ,Ê¿Z» ¹Z³ Å { Ë~aZ¿ º¯Y41¾ËY { [
{ÂÊ»Ã{Z¨fYºfËÂ´·Y  
)26(  ܲ = ܤ ൤൬ ߩ
ߩ௢
൰
ఊ
െ 1൨ 
 Y|¬»Ȗ  ÓÂ¼ »ËZ»ÉY]7  YÂÅÉY] Á4.1 Ê»Äf§³ ¿ { .{Â
Ì¤f»ߩ௢  Á m»Ê·Z´qB cÂ Ä] Ä¯dY Êf]Zi\Ëఘ೚௖೚
మ
ఊ
 ZÌfyY
Ê»½M{Ä¯{Âco |Z]Ê»cÂÉ{|d  
  
2 -5- ]Ze [ZÌ¿ZÌ»  
ÁÊËYZ¯oYÊaY ]Ze[Zzf¿YÄ][ZÌ¿ZÌ» Ä¯ YqdYÄf]YÁZÌ]
Zf§Ä]ZÅÌ¤f»\Ë¬eÃÂv¿[ZÌ¿ZÌ»  .{Y{Ê´f]]ZeÁ{YªÌ¬ve¾ËY{
Ê^ °»¾ËÔbY[ZÌ¿ZÌ»3 |À·|¿ÁÁ4 ¾ËÔbY[ZÌ¿ZÌ»]Ze .dYÃ|Ã{Z¨fY
|Z]Ê»ËcÂÄ]ÉYÄ¸¼m|Àq®ËÊ^ °»]42[:  
)27(  
ܹ(ݎǡ ݄) = ߢ
݄ఔ
×
ە
ۖ
۔
ۖ
ۓ ൬1െ 32ݍଶ + 34ݍଷ൰ ,ݍ ൑ 114 (2െ ݍ)ଷ,1 < ݍ < 20,ݍ ൒ 2  

1- Courant-Friedrichs-Lewy (CFL) 
2- Poisson 
3- Cubic Spline 
4- Wendland 
Ä¯ݍ = ௥
௛
  Y|¬»Áț ®ËcZ^Zv»ÉY]ÄÁÉ| ]Á{,É| ]\ÌeeÄ]É| ] 23  ,10͹Ɏ  Á1Ɏ  Ê»¾ËY .|Z][ZÌ¿ZÌ» ÁcÓZ¬» {]Ze¾ËeµÁY|f»½ÂÀ¯Ze
¹Zn¿YÉZÅÉZÄÌ^ ]ZeÄÌ^Ä¯YqdYÃ{Â]oYÊaYÁÄ]Ã|
[ZÌ¿ZÌ» Éf°qÂ¯Ê¿Z^ÌfaÄÌuZ¿ÉYY{Ä¯cÁZ¨e¾ËYZ]|Z]Ê»¾ÌÂ³
Ä]d^¿ÉfÆ]dË»ÊeZ^Zv»ºnu¿YÁdY[ZÌ¿ZÌ» {Y{¾ÌÂ³  
|À·|¿ÁÂe]Ze¾ËY µZ{1995 ] dYÃ|ÄWYY43Ä]Á [cÂ
Ê»ÄfÂ¿Ë{Â  
)28(  ܹ(ݎ,݄) = ߢ݄ఔ × ൜(1 + 2ݍ)(2െ ݍ)ସ,0 ൑ ݍ < 20,ݍ ൒ 2  
Y|¬»Ä¯ț ÄÁÉ| ]Á{,É| ]®ËcZ^Zv»ÉY]\ÌeeÄ]É| ]34 , 7
ͶɎ  Á
7ͺ
Ɏ  Ê»]Ze .|Z][ZÌ¿ZÌ» Ä^e» ÉZÄÌ^ÉY]|À·|¿Á|À¿Z»ºnÀaÉ
aÉZ¬]\mÂ»¾ÌËZaÊ¸Ìy|·ÂÀË{|ÉZÅ]ZeÄ¯Ê·Zu{Ã|ÉY|ËZ
[ZÌ¿ZÌ» Ê»\mÂ» Z§ ÁdlËZf¿ { YÊËZÅËÂ¿®Ì]ÂÌ¯ ]Ze .{Â
[ZÌ¿ZÌ» {| ¶u ½Z» Á d«{ ¾fY{ ÉY] ÄÀÌÆ]|À·|¿Á ]Ze \ZÀ» É
Ê» |Z] 
2 -6- É»ËY 
ËYµZ¼YÄ]Z»Ê¸»Z°eÄ]ÂÀÅoYÊaYÁ{É»ËYµZ¼Y
 { É»Á cZ¬Ì¬ve Ä] kZÌfuY Á dY Ã|Ì¿ Ä°^ ] ÊÀf^» ÉZÅ
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Z]  
)29(  ݂ = ܴ݊(߰)ܲ(ߦ)ߝ(ݖ,ݑୄ) 
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6- Link List 
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Ê·Z´q Z][M YÉZ ÄÌ^1000 µZÌ½YÂÀÄ]\ °»f» ] ¹³Â¸Ì¯
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1- Predictor-Corrector Scheme 
2- Particle-based Methods 
3- Courant Number 
  
Fig. 2 Geometry of dam-break with obstacle problem 
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Fig. 3 Comparison of dam-break with obstacle flow for 0.1 to 0.6 s. a) Present work for Wendland kernel b) Cubic spline kernel c) ISPH [49] 
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clËZf¿ :] Ë~aZ¿º¯YeoYÊa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Fig. 4 Jet geometry and solution domain for one-phase jet flow 
simulation in Rayleigh regime 
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Ê»Äf³ºÅYËZ»dm ] Ã|º¯dm«lË|eÄ],{Â19ZfËZÆ¿Á [
½Z»{s 78.0t= Ä¬¿YÄfÂÌadm½ZËm Ê»Äf°ÉY {Ä¯{Â
¶°5 ) d°µÂ½YÂÀZ]L]µÂ¾ËYY|¬»Ä¯dYÃ|z» (
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{Á|uÃ|¶Ì°eÃ««,Ê¸ËºËd°ÉÂXeZY]89.1 ]Y]
Ì^ Z] Ä¯dY Ã| Ã{ ¾Ì¼zeÌ¨ËY «¾ËY { Ã| ¹Zn¿Y ÉZ Ä
ÉY] Ä §Y{ ÉÁÌ¿ É»  Y Ã{Z¨fY d¸ Ä] .{Y{ Ê¿YÂz¼Å ªÌ¬ve
ÃYÂË{ Ä¿ZÅ{{ËZ»cY}ÁÉ»cY}À¯|¿YÄnÌf¿ {ÁµZ¿ÉZÅ É
Äf§³ Y« ÌiZedveÉ| ]Á{ ¶u {dm½ZËm ½Z¬e Ê¯|¿Y ,Ì¨ËY
Ì¿ÉZ§cZ¿ZÂ¿¾ÌÀr¼Å .dY¾ËY{|ÀfÅiÂ»½Z¬e¹|  
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)  Â¯~»]YÁ33 -36kÀÅY ,|·ÂÀË ,]Á {| ´¿ZÌ]\Ìee Ä] (1 Á
{Á§2  ]YÁ ¾ËY { ¾ÌÀr¼Å .|ÀfÅR  ÁDo  ,Ì¨ËY « Á Z uo 
,dmÄÌ·ÁYdȡo ,ËZ»Ê·Z´qȝ ,ËZ»Ê°Ì»ZÀË{dm·ı ¯\Ë
ÁÊvg )  Ä]Y { .|ÀZ]Ê»¿Y³[Zf33,]Á{| (We  ¿´ZÌ] ,
) Ä]Y{ÁÊv¯]ÊÀËYÉÁÌ¿d^¿34,|·ÂÀË{| (Re,
,|·ÂÀËÁ]Á{|d^¿ .dYdm·ÉÁÌ¿]ÊÀËYÉÁÌ¿d^¿]Y]
 ,kÀÅY| ]Ê]{|OhÄ]Y)  |ÀÅ{Ê»½Z¿ Y ,35Ä¯ ( d^¿´¿ZÌ]
dYÊv¯]Êfm·ÉZÅÁÌ¿ {Á§{| ,Fr )  Ä]Y { ,36Ì¿ (
µÁ|m{ .|Å{Ê»½Z¿YÊ¿Y³Ä]ÊÀËYÉZÅÁÌ¿d^¿1 cZz»
]ZeÁ{Ä¸ÌÁÄ]Ã|»Md{Ä]d°ÉZÅµÂ¾ÌÀr¼ÅÁ½ZËm[ZÌ¿ZÌ»  

1- Ohnesorge 
2- Froude 
)33(  We = ߩ௢ݑ௢ଶܴ
ߪ
 
)34(  Re = ߩ௢ݑ௢ܴ
ߤ
 
)35(  Oh = ξWeRe  
)36(  Fr = ݑ௢
ඥ݃ܦ௢
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Fig. 5 Up: Liquid jet flow evolution in time for uo=0.25 m/s. Breakup of liquid jet occurs in the instant t=0.78 s with L/d=28.10. Down: Fine 
resolutions of liquid jet breakup 
¶°5 |¿Á :ÓZ]½ZËmÉY]½Z»~³Z]ËZ»dmm/s 25.0uo =½Z»{ËZ»dmd° .s 78.0t =  Á10.28L/d = dmd°Äv·YÃ|±]ÉZÅZ¼¿ :¾ÌËZa,
ËZ»  
d°ÉZÅµÂÊnÀZ^fYÉY]  .dYÃ|Ã{ÁM|À·|¿Á Á¾ËÔbY 
)  Ê]ne Ä]Y Z] ZÅµÂ¾ËY ,Ã|Ä^Zv»37« ]d°µÂÄ¯ (
Ê»| ]Ê] {Y|YZY ]Ì¨ËY] |Z]51{ Ä¯dY Ã|ÄËZ¬» ,[
µÁ|myM½Âf1 dYÃ|Ã{ÁM½MË{Z¬»  
)37(  ܮ
ܦ௢
= 13ξWe(1 + 3Oh) 
µÁ|m{Ä¯Â¿Z¼Å1 YÃ{Z¨fYZ]d°µÂ,{ÂÊ»Ã|ÅZ»
]ZeÁ{Å[ZÌ¿ZÌ» Z»Y|¿YÃ{Y{Ê]neÄ]YZ]ÄËZ¬»{Ê·Â^«¶]Z«Ë{Z¬»
{Y{Ê]neÄ]YÄ]d^¿Éf°Ë{¿d°µÂË{Z¬»ÉYY{|À·|¿Á]Ze
nÀ»dm½ZËmÉZÅÉZÄÌ^Ê»Z¼e{YÉf¼¯ÉZyÄnÌf¿{Á
¹YM½ZËmºË{dm½ZËm,ZÅ|·ÂÀË{|Ä]ÄmÂeZ]¾ÌÀr¼Å .{ÂÊ»
 .{Y{Y«) Ä·{Z »Ä]ÄmÂeZ]Ä¯dYtÌÂeÄ]¹Ó10ÉY]dm·Y|¬» (
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Fig. 6 Variation of liquid jet breakup length with Reynolds number for 
spline and Wendland kernels in comparison to experimental correlation 
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Fig.  7 Variation of liquid jet breakup length with Weber number for 
spline and Wendland kernels in comparison to experimental correlation 
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Ê]neÄ]YZ]ÄËZ¬»{|À·|¿ÁÁ¾ËÔbY 
  
Fig.  8 Comparison of SPH jet breakup lengths with MPS [16] and 
experimental results [5] 
¶° 8 ÄËZ¬» µÂ d° dm Z] Ã{Z¨fY Y Á Y Êa oY Z] lËZf¿ ¹Y Êa Y Á 
Ê]ne 
µÁ|m1 Á½ZËmcZz»dmd°µÂ
Table 1 Flow Characteristics and liquid jet breakup length 
dmÂ¿ uo  (m/s) Re We Fr 
L/d  
¾ËÔbY 
L/d  
|À·|¿Á 
L/d  
]51[ 
ÉZy (%)
¾ËÔbY 
ÉZy (%)
|À·|¿Á 
1 07.0 350 34.0 22.0 61.6 73.7 62.7 13% 1% 
2 17.0 850 01.2 54.0 83.15 64.16 51.18 14% 10% 
3 20.0 1000 78.2 64.0 22.20 02.23 78.21 7% 6% 
4 25.0 1200 34.4 80.0 17.24 10.28 22.27 11% 3% 
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5 - ºWÔdÆ§ 
ܽ Êv¯[Zf)ms-2( 
ܤ Ä·{Z »d]Zi\ËdÌed·Zu 
ܿ cÂd)m/s( 
ܥ ²¿]Ze Cr d¿YÂ¯{| 
ܦ µZ¿«)m( 
݂ t|uYÁ]Êv¯ÉÁÌ¿)N( 
ܨ Êv¯ÉÁÌ¿)N( Fr {Á§{| 
݃ Ê¿Y³[Zf)ms-2( 
݄ ) ÉZYÂ¼ÅµÂm( 
݈ dm{Z ]YÃ|ÀÀ¯| ]Ê]f»YZa )m( 
ܮ ËZ»d°µÂ )m( 
݉ ¹m)kg( 
݊ Z¼et]{Â¼Y{] Oh kÀÅY{| 
ܲ ) Z§Pa( 
ݍ |¿Yd^¿ÉZYÂ¼ÅµÂÄ]½Z°»Y{]ÃY 
ݎ Ã}ÅÊ¿Z°»Y{] 
ܴ ) µZ¿Z m( Re |·ÂÀË{| 
ݑ ) dY{]ms-1( We ]Á{| 
Ê¿Z¿ÂËºWÔ 
ߙ Êfm·\Ë 
ߛ ÊËZ»³dÌ§d^¿ 
ߜ ]ZetÃ|ÀÀ¯µZ»¿ 
ߢ Z¼etÉZÀv¿Y 
ߤ ) Ê°Ì»ZÀË{dm·kgm-1s-1( 
ߎ ÊÂÀ»dm· 
ߩ ) Ê·Z´qkgm-3( 
ߪ Êv¯\Ë 
׏ ½ZË{Y³ 
߶ ÃYÂz·{Ì¤f» 
ߗ ]ZeÊ¿Z^ÌfaÄÌuZ¿[ZÌ¿ZÌ» 
ËÂ¿ËZÅ  
ܽ ÃYÂz·{Ã} 
ܾ ÃYÂz·{Ã} 
ܾܽ À¯|¿Y{ÃYÂz·{Ã}Á{ cv Êfm·Ád¿YÂ¯Ê¿Z»\Ì¯e 
݂ ÊmZyZËÊ¸yY{ÉÁÌ¿ o ÄÌ·ÁY s t vis dm· 
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